ABSTRACT
INTRODUCTION
The high cost of gene sequencing, as well as the cost of the unigene and oligonucleotide technology, has created an invidious situation where, in order to minimize the cost, one spots onto a microarray slide a random anonymous sample taken from a cDNA library formed from the tissue under investigation. As a direct consequence, the microarray slides will contain both unknown and redundant information about the cDNA clones sampled from the library. For example, the sequenced genomes of Arabidopsis (The Arabidopsis Genome Initiative, 2000) and rice (http://rgp.dna.affrc.go.jp; http://btn.genomics.org.cn/rice/) contain 25 498 and 35 000 genes, respectively. The set of expressed genes differs between different tissues, and about 5000-10 000 genes can be expressed specifically in a particular tissue, while some individual highly expressed genes can reach expression levels of 5-10% of the mRNA population (Goldberg et al., 1978; Goldberg, 1980, 1984) . This redundancy will be present in the cDNA libraries that are used to make microarrays.
There are various strategies that can be utilized to manage and reduce the redundancy of the spotted clones. They include the a priori techniques of library subtraction and library normalization (Bonaldo et al., 1996; Reddy et al., 2002) , as well as the construction of oligonucleotide and "unigene" cDNA clone sets using oligonucleotide fingerprinting (ofp) (Herwig et al., 2002) . Nevertheless, at the conclusion of any experiment using anonymous microarrays, one will have identified a pool of potentially interesting differentially expressed spots, which will contain a combination of known, unknown, nonredundant and redundant clones. The purpose of this paper is to propose and analyse an a posteriori strategy that uses the fluorescence intensities of the spots available at the conclusion of a microarray experiment. Among other things, these results place two important rules-of-thumb about the analysis of microarray data on a firm foundation: First, on microarray slides, one should not pool biologically different libraries, but keep them separate. Second, when searching for novel genes in a pool, sequence from the genes with the lowest expression level first.
THE GENE EXPRESSION AND HYBRIDIZATION RATIONALE
The proposed a posteriori methodology takes advantage of the information accumulated during an microarray experiment (such as the total hybridization that has occurred at the various spots on a microarray as measured by the red and green fluorescence intensities). It utilizes known results about the dynamics of hybridization in Anderson and Young (1985) and Wang et al. (2002) and the fact that, because of the high sequence-specificity of DNA hybridization, the localized self-hybridization interaction of the probes with a spot, on a microarray, is a second order kinetic reaction and the reassociation rate is correlated positively to the abundance of the RNA in the probe that matches the cDNA in a spot. Such results lead naturally to the following conclusions about an anonymous microarray experiment:
(1) Because the level of redundancy of the spots on an anonymous microarray slide will be proportional to the genetic activity of the associated RNA in the tissue, the higher redundancy will be associated with the higher fluorescence intensities and the lower with the lower. It is anticipated that the cDNA clones spotted on the array and the mRNA probes are derived from similar sources. (2) Because many house-keeping and non-interesting genes tend to be the more highly expressed genes, the novel (and potentially new and important) genes are more likely to be associated with the lower fluorescence intensities.
Consequently, the level of the redundancy will be proportional (on average) to the fluorescence intensitities of the spots in the pool of potentially interesting genes. Data from two independent anonymous microarray experiments, where the spots in the pool of potentially interesting genes had been sequenced, were used to develop and justify the specific a posteriori methodology. These two data sets are representative of a wide variety of situations where the management of microarray redundancy is a key issue, such as in the study of orphan genes (Domazet-Loso and Tautz, 2003) . This was performed in the following manner.
(1) Initially, data from a (plant) tissue microarray experiment (experiment A) were used to examine various choices for the measure of colour. The use of these two experiments allowed different fluorescence normalization strategies to be compared with nonnormalization fluorescence results.
THE A POSTERIORI STRATEGY
Initially, there is a need to draw a distinction between the measured fluorescence intensity of a spot and the colour, as a function of the measured fluorescence intensities in the dye-swaps and replicates that are assigned to a particular position (spot) on a microarray. The above discussion suggests that redundancy is related to the total fluorescence intensity, leading to 'colour' being defined accordingly. However, other definitions could give a better separation. This will be investigated below by examining alternative definitions. The proposed a posteriori strategy is the following: 'With respect to an appropriate definition of colour, estimate its value for the spots in the pool of potentially interesting genes, and then, in order to minimize the impact of the redundancy, sequence the cDNA of the spots with the lowest colour values first. ' A redundancy plot, where the clones have been sequenced, can be viewed as a species richness plot (Bunge and Fitzpatrick, 1993) where the number of distinct spots (species) found to have occurred k times (i.e. to have k repeats) is plotted as a function of the occurrence (repeat) number, k. The counterpart for displaying the colours of the microarray spots is to plot, as a function of the repeat number k, the individual colours for all the different spots that have k repeats. It leads naturally to the concept of a 'repeat plot'.
For a large pool of sequenced clones from the library of normal tissue of experiment A, initially identified as potentially interesting and subsequently sequenced, the corresponding repeat plot, using the F-colour of Section 4, is given in Figure  1a . Here, because of the subsequent sequencing of all the clones in the pool, the known gene identity of the spots has been used to determine the repeat value, k. It shows clearly that there is a definite tendency for the spots with the higher repeat values to have the higher F-colour values. This validates the basic hybridization logic on which the a posteriori strategy is based. However, normally, after the identification of the pool, one will only know the colours and not their associated repeat values. This, nevertheless, is not an issue, if a suitable definition of colour can be identified that is in agreement with the above hybridization logic.
COMPARISON OF AVERAGE AND RATIO FLUORESCENCE AS THE DEFINITION OF COLOUR
The goal is to find a measure (definition) of colour that performs a partial and non-trivial separation of the redundant clones from the non-redundant in a predictable and consistent manner. The data chosen were sequenced clones from large interesting pools derived from the AN and AT libraries. Two key possibilities were examined: the average fluorescence colour (F-colour) of the j -th spot, s j , after a dye-swap experiment, (Yang et al., 2002) . The F-colour and R-colour repeat plots for the AN pool are shown in Figures 1a and 2b , respectively. The corresponding plots for the AT pool are given in Figure 2a and b.
Comparing the patterns in these four figures leads naturally to the following conclusions:
(i) The R-colour, of Figures 1b and 2b , fails to distinguish between the AN and the AT pools, and both fail to show any significant correlation with the hybridization as seen in Figure 1a . This in not unexpected because the R-colour does not measure the amount of hybridization occurring at a spot in a dye-swap experiment, whereas F-colour does. In addition, the role and purpose of the R-colour is the identification of the differentially expressed genes. (ii) The F-colour clearly differentiates between the AN and the AT pools in a manner consistent with their known hybridization behaviour in that it shows that there is no preferential hybridization in the AT pool and there is a clear pattern in the AN pool. (iii) The importance of R-colour in a microarray experiment relates to its normalization role in terms of removing the differences between spots related to the different quantities of cDNA contained in the spots. F-colour specifically exploits the fact that a more highly expressed gene in a probe will have a higher hybridization impact on a spot than a less highly expressed gene. More interestingly, because it can be argued, on biological grounds, that the novel genes are more likely to be less highly expressed, it follows that F-colour has separated the novel genes into a less redundant class than the non-novel.
Different transformations of the intensity values were also considered, such as the squared and median intensity, but none gave any consistent improvement over the simple average of log 2 intensities. The three curves in Figure 3 , as a function of the number of spots sampled, compare, relative to the expected number of ESTs found by sequencing at random, the number of additional unique genes identified when sequencing in increasing order of F-colour, decreasing order of F-colour and increasing order of R-colour. A comparison of these curves shows unambiguously that the increasing order of F-colour performs better than random, while random is better than the other two strategies. This confirms that there is a significant advantage in 'sequencing the cDNA of the spots with the lowest colour values first, in order to minimize the impact of the redundancy'.
As a function of the increasing number of genes sampled, there is a decreasing probability that when one stops the sampling there may be novel genes yet to be sampled. The aim is to keep this probability as small as possible.
In many non-health sciences, as well as some health science contexts, financial considerations, because of the cost of the sequencing, will be the reason for stopping the sampling. Before one could propose sensible stopping criteria, it would be first necessary to propose a model for the distribution of the novel genes as a function of fluorescence intensity (e.g. F-colour). Since there are many different approaches that may be adopted in the compilation of anonymous microarray libraries, it is unlikely that any single criterion would be appropriate in every situation.
VALIDATION
The above conclusions about the a posteriori strategy can be validated in a number of independent ways.
The application of the a posteriori methodology to the pools from the BN, BES1 and BES2 libraries
If, separately for each of the two developmental stages DS1 and DS2, the colours of all the expressed sequence tags (ESTs) in the interesting pool of BN, BES1 and BES2 were combined into a single repeat plot, one obtained a situation similar to that of Figure 2a . Alternatively, if, for each of the developmental phases, separate repeat plots were constructed for the BN, BES1 and BES2 pools, then explicit support for the a posteriori hypothesis was obtained. This is illustrated in Figure 4 . The plots there show that, though the redundancy in the libraries changes from one developmental stage to the next, the basic hybridization hypothesis, on which the a posteriori methodology is based, remains valid. The BN-DS1 and BN-DST repeat plots show a clear increase in colour as the repeat number increases, whereas the BES1-DS1, BES2-DS1, BES1-DS2 and BES2-DS2 plots do not. These results are fully consistent with the finding for the AN and AT pools of Figures 1 and 2.
The 30 weakest and 30 strongest F-colours
The sequence identity of the spots in the AN, BN-DS1 and BN-DS2 pools were examined for the 30 weakest and 30 strongest F-colours. It was found that the number of novel genes in the weakest set was about 50%, whereas it was less than 20% in the strongest. In addition, all 30 weakest F-colour genes were relevant to the biology of the experiment performed, whereas some of the strongest F-colour genes corresponded to contaminants (e.g. ribosomal RNA).
Statistical significance of the relationship between redundancy and F-colour
It is clear from the results reported above that there is a general tendency for those genes that have larger F-colour values to be repeated several times.
A test of significance of the apparent increase was carried out using correlation analysis. While the number of repeats, being an integer, is clearly not normally distributed, the correlation coefficient still provides a measure of the association between the F-colour and the number of repeats. The usual normal-based significance levels for the correlation coefficient may not apply, but a permutation test (cf. Good, 2000) provides a valid measure of significance.
The permutation test was performed by randomly permuting the 802 F-colour values for the clones in the AN library of Figure 1a , keeping the positions of the clones in their current repeat column. This will result in a vertical repositioning of the points in the repeat columns of Figure 1a . If there were really no relationship between the F-colour and the number of repeats, then the correlation calculated for this permuted set of values would, on average, be the same as the correlation found for the original data. This process was repeated 10 000 times and the correlation calculated for each of the 10 000 random permutations.
The correlation coefficient for the original data set was 0.43. Among the 10 000 random permutations the largest correlation coefficient found was only 0.12, indicating a significance value for the observed correlation of less than 1/10 000 or 0.01%, a highly significant result.
To allow for the possibility that the small number of genes with more than four repeats were exerting an undue influence on the conclusions, the test was repeated with these genes excluded. Using data only for genes with four or fewer repeats, the correlation coefficient was 0.11. Among 10 000 random permutations, only 15 had correlation coefficients greater than this, indicating statistical significance at the 0.15% level, again highly significant, confirming the existence of a relationship. Similar conclusions resulted on applying the above correlation analysis to the repeat plots BN-DS1 and BN-DS2 of Figure 4 . Application of the above correlation analysis to the data in Figures 1b, 2a and b established that there were no statistically significant relationships in those repeat plots. Similar conclusions resulted on applying the above correlation analysis to the last four repeat plots in Figure 4 .
In order to help visualize the above conclusions, the linear fits to the data in the repeat plots of Figure 4 , which, statistically, are equivalent to the correlation analysis, are shown.
CONCLUSIONS
The a posteriori strategy proposed, analysed and validated, using repeat plots and the biology of the clones with the weakest and strongest F-colour fluorescence levels, represents a practical tool to be applied in the analysis of microarray data when the pool of potentially interesting clones is large (e.g. greater than 200).
The above analysis yields, as a corollary, explicit confirmation of two important rules-of-thumb about the analysis of microarray data, namely,
(1) On microarray slides one should not pool libraries but keep them separate. As illustrated above, for the data from microarray experiments A and B, this allows one to treat each separately as and when the need arises.
(2) When searching for novel genes in a pool, one should sequence from the genes with the lowest expression level first. It agrees with biological intuition that the proportional presence of the novel (and rarer) genes is more likely to be low rather than high and, thereby, that their hybridization-fluorescence activity in a microarray experiment will be low rather than high.
In addition, the success of the current deliberation is a direct consequence of the introduction and utilization of repeat plots.
